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We present density functional theory (DFT) and quantum Monte Carlo (QMC) calculations of the
glutamic acid and glutamate ion in vacuo and in various dielectric continuum media within the po-
larizable continuum model (PCM). In DFT, we employ the integral equation formalism variant of
PCM while, in QMC, we use a PCM scheme we have developed to include both surface and vol-
ume polarization. We investigate the gas-phase protonation thermochemistry of the glutamic acid
using a large set of structural conformations, and find that QMC is in excellent agreement with the
best available theoretical and experimental results. For the solvated glutamic acid and glutamate ion,
we perform DFT calculations for dielectric constants, , between 4 and 78. We find that the glu-
tamate ion in the zwitterionic form is more stable than the non-zwitterionic form over the whole
range of dielectric constants, while the glutamic acid is more stable in its non-zwitterionic form at
 = 4. The dielectric constant at which the two glutamic acid species have the same energy depends
on the cavity size and lies between 5 and 12.5. We validate these results with QMC for the two
limiting values of the dielectric constant, and find qualitative agreement with DFT even though the
solvent polarization is less pronounced at the QMC level. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4746390]
I. INTRODUCTION
The glutamic acid is a chiral polar amino acid. The L-
enantiomer is one of the 20 proteinogenic amino acids and its
salts are known as important neurotransmitters.1–3 Glutamates
are used in the alimentary industry as an additive responsible
for the “unami tasting” and can also play an important role
in mechanisms governing learning and memory.4 Since the
transport of glutamate ions is also relevant in neurodegenera-
tive diseases,5 the comprehension of the mechanism of trans-
port and release of glutamate is of fundamental importance.6
Moreover, the synthesis of biomaterials specifically designed
for the pore-mediated transmembrane transport of glutamic
acid is an important current topic of research.7
In the last two decades, glutamic acid and its derivatives
have consequently been the object of numerous investigations
including several of physico-chemical type.8–13 In particular,
given the importance of the energetics in biophysical pro-
cesses, significant effort has been devoted to the determina-
tion of such thermochemical data. In this context, a challenge
is certainly the understanding of the mechanisms governing
the activity of glutamic acid and its derivatives in a com-
plex biological environment. From a purely chemical point
of view, this amino acid possesses several activity sites and a
multiplicity of conformations corresponding to different tor-
sional angles. The stability of the various forms strongly de-
pends on the environment, which is very complicated and nor-
mally highly inhomogeneous with different local properties
in a biological system. Mixed quantum mechanical/molecular
a)Electronic mail: floris@dcci.unipi.it.
mechanical (QM/MM) calculations have been employed to
simulate such a biological environment (e.g., see Ref. 11).
In this way, it was for instance possible to reproduce accu-
rately the vibrational frequencies of a glutamate ion in wa-
ter solution and in a protein-bound form.14 As an alternative
to QM/MM methods, dielectric continuum models have also
been used,15 where the inhomogeneity of the medium is de-
scribed by a locally variable dielectric constant.16 Such ap-
proaches have been employed to model transmembrane pro-
cesses where the transfer between aqueous and lipidic phases
of molecules such as glutamic acid plays an important role.17
A property that characterizes glutamic acid is the pKa
for all the possible acid dissociations. The release or the up-
take of an hydrogen ion by an amino acid residue in a protein
is a common process in bioenzymatic catalysis.18, 19 In addi-
tion to the acidic constant, pKa, related to a variation of free
energy, an important variable is the so-called proton affinity
(PA), which is defined as minus the reaction enthalpy of the
protonation process, and has been found to be a chemical re-
activity parameter.20, 21 For glutamic acid, the PA has been
accurately determined in the gas phase both theoretically and
experimentally.12
In this work, we focus on the proton affinity of glu-
tamic acid in the gas phase as well as on the transfer of glu-
tamic acid and glutamate ions from an aqueous medium to
a medium with a dielectric constant simulating a biological
membrane. Our main motivation is the investigation of the ef-
fect of the medium on the free energy of the zwitterionic and
non-zwitterionic forms of glutamic acid and ions. The ionic
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FIG. 1. Chemical species considered in this work.
forms, in particular, are the stable forms in polar solvents.
To this end, we perform calculations by means of density
functional theory (DFT) and quantum Monte Carlo (QMC)
methodologies for the treatment of the solute, which are com-
bined with a dielectric continuum model for the description
of the solvent (environment). In the DFT calculations, the di-
electric model is the integral equation formalism variant of the
polarizable continuum model (IEF-PCM) (Ref. 22) while, in
QMC, we use the method we have developed to also include
explicitly the volume polarization of the solvent.23, 24 The use
of QMC allows us to employ high-quality wave functions to
describe electron correlation and to validate the results ob-
tained within DFT.
The outline of the paper is as follows. In Sec. II, we dis-
cuss the calculation of the PA for the protonation of glutamic
acid in the gas phase. Section III is dedicated to the DFT study
of a selected conformation of glutamic acid and glutamate in
a polarizable continuum medium with relative dielectric con-
stants in the range between 4 and the experimental value for
water, namely, 78.39. The two limiting cases of permittivities
are also treated at the more accurate QMC level and the results
are shown in Sec. IV. Conclusions are drawn in Sec. V. In the
Appendix, we discuss further developments on our model for
the continuum that we employ in this work.
II. GAS-PHASE PROTONATION OF GLUTAMIC ACID
The molecular systems considered in this work are shown
schematically in Fig. 1. The two structures denoted as S1 and
S2 refer to the gas-phase process discussed in this section,
while the other three (S3-5) refer to ions (including zwitteri-
ons) studied in solution and treated in Secs. III and IV.
The protonation of glutamic acid (S1 becomes S2) in the
gas phase, namely,
HOOC(CH2)2CH(NH2)COOH + H+
→ HOOC(CH2)2CH(NH3)+COOH, (1)
is an exothermic process and the proton affinity (PA) is the
positive quantity
PA = −H 0r , (2)
where H ◦r is the standard reaction enthalpy. In principle, this
quantity can be experimentally determined by standard ther-
mochemical methods but, in this case, there are difficulties
due to the low volatility and thermal lability of the amino acid.
In order to avoid these problems, alternative methods have
been developed that are based on specific mass spectrome-
try experiments and allow the evaluation of the PA following
the so-called “kinetic method.”12 The validation of the results
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FIG. 2. Scheme of the glutamic acid with the five dihedral angles used to
classify its conformers.
obtained with the more recent “extended” kinetic method was
done by comparison with a quantum mechanical calculation12
which we will discuss later.
A theoretical calculation of the PA of a flexible amino
acid is based on a conformational study of both the neu-
tral and the protonated form followed by a selection of the
most important conformations. Subsequently, taking into ac-
count a statistical average over the selected conformations,
the PA is determined via Eq. (2) with the computed en-
thalpies. For the glutamic acid, it is useful to begin by classi-
fying the relevant conformations for its neutral and protonated
forms. To this aim, we follow the same scheme given by Bou-
choux et al.12 and define the relevant five dihedral angles in
Fig. 2. The classification uses a hierarchy in the definition of
the conformations: (1) a roman number I, II, and III defines
the orientation of the amino group with respect to the clos-
est carboxyl, (2) a letter “a” or “s” refers to the anti or syn
conformation of the second carboxylic group, and (3) a capi-
tal letter is used to refer to a particular choice of the dihedral
angles that fix the geometry of the internal part of the molec-
ular chain. For more details about this classification, we refer
the reader to the original work by Bouchoux et al.12 In prin-
ciple, there are thousands of possible conformations but most
of them do not contribute to PA because they are too high in
energy. The identification of the geometries of such conform-
ers involves the analysis of a complex potential energy sur-
face with many local minima. This study can be performed ei-
ther by constrained search9, 12, 25 or by simulated annealing.26
At the moment, the most complete work has been published
very recently by Meng and Lin.25 These authors optimized
the geometries of thousands of trial structures generated by
any combinations of internal bond rotations. Once the most
important conformations have been determined, the enthalpy
H of a specific glutamic acid form is obtained as a weighted
average over the N selected conformers by assuming a ther-
modynamical equilibrium, namely
H =
N∑
i=1
xiHi , (3)
where the weights or molar fractions xi are defined with re-
spect to the chemical potential Gi, the partial molar Gibbs free
energy, as follows
xi = exp(−Gi/RT )
/
N∑
j=1
exp(−Gj/RT ). (4)
Each Hi is calculated as the sum of the electronic energy (Eel)
obtained in the Born-Oppenheimer approximation at a fixed
nuclear geometry, the zero point energy (EZPE) from the fre-
quencies of the normal modes, and the thermal contributions
coming from vibrations, rotations, and translations obtained
from standard statistical thermodynamics techniques.
We compute the electronic energies both within DFT
and QMC while we obtain the remaining terms in Hi using
DFT and the GAUSSIAN 03 package.27 The geometries of
the conformers are optimized at the B3LYP/6-311++G(d,p)
level starting from the structure of Bouchoux et al.,12 which
were obtained at the B3LYP/6-31+G(d,p) level. The differ-
ence between the two sets of geometries is very small and
always within one degree in the torsional angles. In addition
to the 15 glutamic acid structures obtained from Bouchoux
et al., we have included in this study five new conformations
reported by Meng and Lin25 among the ten most important
conformations for the neutral glutamic acid, which had
been omitted by Bouchoux et al. According to the above
classification, we called these new conformations IsX, IsY,
IIsX, IIsY, and IIIsX.
Let us now turn to the calculation of the electronic
energy. All DFT energies are computed at the B3LYP/6-
311++G(d,p) level as in the optimization of the geometries.
In the QMC calculations, we employ standard Slater-Jastrow
wave functions using a single determinant and a Jastrow fac-
tor containing electron-nucleus and electron-electron terms.28
We use effective core potentials (ECP) specifically generated
for QMC calculations combined with their pVDZ basis set.29
The orbitals in the determinantal component of the wave func-
tion are obtained in a B3LYP calculation, and the parameters
in the Jastrow factor are optimized for each of the isolated
conformers at the variational Monte Carlo (VMC) level.30
The resulting wave functions are used as the trial function
to compute the fixed-node diffusion Monte Carlo (DMC) en-
ergy, where a time step of 0.075 a.u. is employed and the pseu-
dopotentials are treated beyond the locality approximation.31
The all-electron DFT calculations are performed using
GAUSSIAN 03 while ECP-QMC computations are carried out
with the CHAMP code32 in combination with the program
Gamess-US (Ref. 33) for the preparation of the orbitals.
In Tables I and II, we compare our DFT and QMC
electronic energies with the reference values of Bouchoux
et al.12 obtained within the G3MP2B3 method34, 35 and
with the CCSD/6-311++G(d,p) energies of Meng and
Lin.25 G3MP2B3 is a composite technique that employs
a sequence of ab initio molecular orbital calculations
to derive accurate total energies. For molecules in the
singlet spin state as in our case, the G3MP2B3 energy
is obtained as Eel[QCISD(T,FC)/6-31G(d)]+Eel[MP2/6-
311++G(3df,2p)]-Eel[MP2(FC)/6-31G(d)]+EZPE[B3LYP/6-
31G(d)]. This technique has been tested on a set of 148
neutral molecules where it yields an average error of
1.18 kcal/mol in the enthalpies at 0 K.36 In Tables I and II, we
report the G3MP2B3 energy without the ZPE contribution for
comparison with the electronic DFT and QMC energies, and
give all the energies of glutamic acid and protonated form
relative to the values of the IsA and the IHsA conformer,
respectively.
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TABLE I. Relative energies (kJ/mol) of the neutral conformers of the glu-
tamic acid calculated at the B3LYP/6-311G++(d,p) and DMC levels. Com-
parison with the electronic part of the G3MP2B3 results by Bouchoux et al.12
and the CCSD/6-311G++(d,p) values by Meng and Lin.25 The statistical er-
ror on EDMC is between 0.8 and 1.1 kJ/mol.
Conformera EDFTb EDMCc EG3MP2B3, el ECCSD
IsA (c2) 0.00 0.0 0.00 0.00
IsB (c3) 0.85 2.2 2.14 2.30
IsC (c8) 7.19 6.2 5.45 4.52
IsD (c11) 4.48 5.2 6.99 5.27
IsE (c6) 7.75 9.6 7.59 4.18
IsF (c29) 13.27 12.2 9.53 9.83
IsG (c30) 12.25 14.5 10.63 10.37
IaA (c22) 2.34 5.9 5.02 8.07
IaB (c28) 6.00 6.9 5.98 9.54
IIsA (c4) − 2.41 1.4 0.10 2.76
IIsB (c12) − 1.21 2.5 2.36 5.40
IIsC (c31) 7.31 10.0 8.31 10.59
IIsD (c27) 6.45 10.8 10.03 9.37
IIIsA (c19) 9.32 13.3 10.99 7.24
IIIaA (c35) 9.20 12.0 13.36 12.30
IsX (c1) 2.36 0.9 . . . − 0.04
IsY (c10) 5.86 7.9 . . . 5.10
IIsX (c5) 1.36 3.7 . . . 3.64
IIsY (c9) 0.77 2.8 . . . 4.81
IIIsX (c7) 6.47 5.8 . . . 4.39
aRef. 52, notation as in Ref. 12 with label in brackets as in Ref. 25.
bThe reference energy is –551.813285 hartree.
cThe reference energy is –108.0293(2) hartree.
We find a substantial agreement between our results and
the G3MP2B3 values of Bouchoux et al. More precisely, we
have a mean deviation in the relative energies of 2.0 kJ/mol
and 1.4 kJ/mol for glutamic acid, and of 1.3 kJ/mol and
1.1 kJ/mol for the protonated form in DFT and QMC, re-
spectively. Therefore, the QMC results are in average closer
to the reference values than the DFT energies although both
mean deviations are very small (within the so-called chem-
ical accuracy) and of the same order of magnitude of the
QMC statistical uncertainties. It should however be noted that
QMC predicts correctly the relative stabilities of the conform-
ers while DFT yields lower electronic energies for the glu-
tamic acid structures IIsA and IIsB than for the IsA geome-
try with discrepancies greater than the average deviation. For
glutamic acid, only the QMC energy of the IsG conformer dif-
TABLE II. Relative energies (kJ/mol) of the protonated conformers of the
glutamic acid calculated at the B3LYP/6-311G++(d,p) and DMC levels.
Comparison with the electronic part of the G3MP2B3 results by Bouchoux
et al.12 and the CCSD/6-311G++(d,p) values by Meng and Lin.25 The sta-
tistical error on EDMC is between 0.8 and 1.1 kJ/mol.
Conformera EDFTb EDMCc EG3MP2B3, el ECCSD
IHsA (p1) 0.00 0.0 0.00 0.00
IHsB (p2) − 0.55 0.5 0.83 1.21
IIIHsA (p4) 11.95 14.3 12.49 13.18
IIIHsB (p3) 11.15 12.2 14.51 10.63
aRef. 52, notation as in Ref. 12 with label in brackets as in Ref. 25.
bThe reference energy is –552.186414 hartree.
cThe reference energy is –108.4026(2) hartree.
fers substantially from the G3MP2B3 value but this configu-
ration has the highest electronic energy and, consequently, a
small weight in the average enthalpy calculation. For the pro-
tonated form, the qualitative behavior of the three approaches
is similar to the case of the glutamic acid but the discrepancies
are quantitatively smaller. A substantial agreement is found
also between our QMC relative energies and those from the
CCSD/6-311++G(d,p) corresponding values of Meng and
Lin.25 In this case, we find a mean deviation of 1.9 kJ/mol for
the glutamic acid and 0.8 kJ/mol for the protonated form. If
we consider DFT, we observe instead deviations of 2.9 kJ/mol
and 0.9 kJ/mol, respectively. We notice that the IsX glutamic
acid conformer is the most stable in the CCSD calculations of
Meng and Lin but has instead a DMC energy slightly higher
than that of IsA.
In Tables III and IV, we report the absolute and relative
QMC enthalpies and free energies in the gas phase at ambi-
ent conditions for the glutamic acid and the protonated form,
respectively. Because our main focus is on QMC, we em-
ploy DFT only in computing the weights according to Eq. (4).
These weights tell us the relative importance of the different
conformers in establishing the value of PA at a given temper-
ature and pressure. In the case of neutral glutamic acid, the
most important conformer is IsA for DMC, as found also by
Bouchoux et al.,12 while it is IsB for DFT. For the protonated
form, the conformers IHsA and IHsB are equally important
for DMC while IHsB is the most important for DFT. It is also
interesting to notice that the glutamic acid conformer with the
lowest electronic energy at the B3LYP/6-311++G(d,p) level,
namely IIsA, has a small final weight after the inclusion of
ZPE and thermal corrections. Moreover, between the five glu-
tamic acid conformers we have taken from the work of Meng
and Lin,25 IsX is third in order of importance for DMC.
Finally, we compare the computed PA values with the
best theoretical and experimental results available in the lit-
erature in Table V. Our DMC PA value of (951.3 ± 0.5)
kJ/mol is in excellent agreement with the estimates from
G3MP2B3 theory12, 25 and the experimental “extended ki-
netic” method.12 The B3LYP/6-311++G(d,p) (this work),
CCSD/6-311++G(d,p),25 and MP2/6-311+G(2d,p)9 PAs are
worse than the DMC and G3MP2B3 values even though the
discrepancies are still within three times the experimental un-
certainty. In the Table, we also list the simpler estimate of
PA based on the enthalpies of the most important conform-
ers of the glutamic acid and protonated form. These results
are of interest because they correspond to the neglect of the
thermal equilibrium between the conformers. In this particu-
lar case, we can say that the effect of temperature at 298 K
on PA is about (2.5 ± 0.8) kJ/mol from our results. In conclu-
sion, our calculations in vacuo clearly demonstrate that our
QMC framework for the treatment of the glutamic acid and
derivatives yields accurate results and we therefore employ
this approach for the same systems in solution.
III. SOLVATION OF THE GLUTAMIC ACID
AND THE GLUTAMATE ANION: DFT STUDY
We focus here on the solvation of the glutamic acid and
the glutamate ion in different solvents, where the solvent is
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TABLE III. Enthalpies, entropies, and free energies of neutral conformers of glutamic acid calculated from the
DMC electronic energies and B3LYP thermal corrections at ambient conditions. The equilibrium distribution (xi)
is compared with the pure DFT case. Total values are in a.u. and relative values in kJ/mol.
Conformer H298 H298 S298 G298 G298 xi xDFTi
IsA − 107.8660(2) 0.0 440.7 − 107.9160(2) 0.0 0.3418 0.2255
IsB − 107.8652(3) 1.9 445.5 − 107.9158(3) 0.5 0.2779 0.3135
IsC − 107.8636(2) 6.3 435.7 − 107.9131(2) 7.7 0.0151 0.0067
IsD − 107.8639(3) 5.5 446.2 − 107.9145(3) 3.9 0.0710 0.0620
IsE − 107.8624(2) 9.4 450.5 − 107.9135(2) 6.5 0.0250 0.0344
IsF − 107.8611(3) 12.7 439.7 − 107.9111(3) 13.0 0.0018 0.0008
IsG − 107.8605(4) 14.4 437.4 − 107.9101(4) 15.4 0.0007 0.0011
IaA − 107.8633(3) 7.0 422.9 − 107.9113(3) 12.3 0.0024 0.0064
IaB − 107.8630(4) 7.7 420.6 − 107.9108(4) 13.7 0.0014 0.0013
IIsA − 107.8651(3) 2.3 425.1 − 107.9134(3) 6.9 0.0208 0.0637
IIsB − 107.8648(3) 3.1 429.6 − 107.9136(3) 6.4 0.0261 0.0757
IIsC − 107.8620(3) 10.5 438.5 − 107.9118(3) 11.1 0.0039 0.0074
IIsD − 107.8618(3) 11.1 439.8 − 107.9117(3) 11.3 0.0036 0.0134
IIIsA − 107.8609(3) 13.2 452.8 − 107.9123(3) 9.6 0.0070 0.0235
IIIaA − 107.8609(3) 13.2 428.9 − 107.9096(3) 16.7 0.0004 0.0008
IsX − 107.8655(3) 1.1 434.2 − 107.9148(3) 3.0 0.1002 0.0370
IsY − 107.8629(3) 8.0 445.6 − 107.9135(3) 6.5 0.0246 0.0378
IIsX − 107.8643(3) 4.4 432.1 − 107.9134(3) 7.0 0.0205 0.0344
IIsY − 107.8647(3) 3.4 430.8 − 107.9136(3) 6.4 0.0261 0.0393
IIIsX − 107.8637(3) 6.1 440.8 − 107.9137(3) 6.0 0.0299 0.0152
treated as a continuum medium (implicit solvation). For the
glutamic acid, we consider the neutral form S1 and the zwit-
terionic form S3 and, for the glutamate ion, we take both the
non zwitterionic and the zwitterionic forms, respectively, S4
and S5 (see Fig. 1). In the case of neutral glutamic acid, the
side chain deprotonation, for the formation of the zwitterion,
is not taken into account because it should yield a structure
with an energy higher than that of S3.25 Thus, S1 and S3 and
the glutamate forms, namely S4 and S5, refer to the same
internal proton transfer process. We investigate the effect of
the solvent on the solute by considering only the polariza-
tion interaction. This term of the solute-solvent interactions
is the most involved in the change of the solute wave func-
tion in passing from the vacuum to the solution. In particu-
lar, we perform this study in the framework of the PCM by
using the standard version of the IEF-PCM implemented in
GAUSSIAN 03 package at the B3LYP/6-311++G(d,p) level
of the theory. We consider relative dielectric constants rang-
TABLE IV. Enthalpies, entropies, and free energies of protonated conform-
ers of glutamic acid calculated from the DMC electronic energies and the
B3LYP thermal corrections at ambient conditions. The equilibrium distribu-
tion (xi) is compared with the pure DFT case. Total values are in a.u. and
relative values in kJ/mol.
H298 H298 S298 G298 G298 xi xDFTi
IHsA − 108.2252(2) 0.0 417.9 − 108.2727(2) 0.0 0.4932 0.3818
IHsB − 108.2250(2) 0.7 420.2 − 108.2727(2) 0.0 0.4993 0.6052
IIIHsA − 108.2197(3) 14.5 425.8 − 108.2680(3) 12.1 0.0037 0.0080
IIIHsB − 108.2206(4) 12.2 418.3 − 108.2681(4) 12.1 0.0038 0.0050
ing from 4, typical of a lipidic phase, to 78.39, the value of
water. The temperature is always 298 K. All calculations are
done with two sets of cavity delimited by isodensity surfaces
with numeral electron density of 0.0004 a.u. and 0.001 a.u.
The first value is in general found to be consistent with the
molar volume of pure liquid solutes37–39 while the second
value determines slightly smaller cavities and has been pro-
posed as more appropriate to account for electrostatic solute-
solvent interactions.40, 41 For this study, we consider only one
conformer type, namely the IIsA-like. In Table I, this con-
former has an electronic energy close to the value of the
TABLE V. Comparison of proton affinities (kJ/mol) of the glutamic acid
obtained with various theoretical and experimental methods.
Method PA Ref.
Theory Average
DMC 951.3 ± 0.5 This work
B3LYP/6-311++G(d,p) 953.2 This work
G3MP2B3 949.8 12
948.5 25
CCSD/6-311++G(d,p) 954.8 25
MP2/6-311+G(2d,p) 938.9 9
Monoconformer
DMC 948.8 ± 0.8 This work
B3LYP/6-311++G(d,p) 950.0 This work
G3MP2B3 948.1 12
Expt. Simple kinetic 938 53
942−947 54
Extended kinetic 945.3 ± 2.8 12
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FIG. 3. Electronic energy of the IIsA-like conformer of the glutamic acid
in solution computed within IEF-PCM/B3LYP/6-311++G(d,p) against the
dielectric constant of the solvent. The non-zwitterionic form refers to curves
A and C and the zwitterionic form to curves B and D. The A and B curves are
obtained for a cavity enclosed in an isodensity surface with ρ = 0.0004 a.u.
For curves C and D, the isodensity value is ρ = 0.001 a.u. All energies are
relative to the conformer IIsA in vacuum.
most stable IsA conformer but, in a study where the forma-
tion of the zwitterionic structure is favoured by the solvent
polarization, it should be more important because of the prox-
imity of the acidic proton in position C1 with the NH2 group.
For all molecular systems considered in solution, the geome-
try of this IIsA-like structure is optimized at all values of the
dielectric constant considered here by using the larger of the
two aforementioned cavities.
In Figs. 3 and 4, we present the electronic energies as a
function of the dielectric constant for the non-zwitterion and
zwitterion forms of the glutamic acid and the glutamate ion,
respectively. All curves are relative to the energy of the cor-
responding structure in vacuo, namely, the IIsA conformer of
glutamic acid and the IIsA-like conformer of glutamate ion,
both in non-zwitterionic form. As expected, the energy de-
creases in all cases with the dielectric constant due to the
stronger polarization of the solvent. The slope is pronounced
at small dielectric constants, reaching saturation at   30.
For the glutamic acid, there is a crossing point between the
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FIG. 4. Electronic energy of the IIsA-like conformer of glutamate ion in
solution computed within IEF-PCM/B3LYP/6-311++G(d,p) against the di-
electric constant of the solvent. The non-zwitterionic form refers to curves A
and C and the zwitterionic form to curves B and D. The A and B curves are
obtained for a cavity enclosed in an isodensity surface with ρ = 0.0004 a.u.
For curves C and D, the isodensity value is ρ = 0.001 au. All energies are
relative to the glutamate conformer IIsA in vacuum.
curve of the non-zwitterionic structure with the zwitterionic
one. For the larger cavity, the crossing occurs at   12.5
while, for the smaller cavity, it occurs at   5. For both cav-
ities, the non-zwitterionic form is the most stable at  = 4
and, in water, the situation is reversed. The solvent effect de-
termines a stabilization in the electronic energy of 45 kJ/mol
with the larger cavity and of 85 kJ/mol with the other cavity.
In both cases, the effect is significantly greater than the ef-
fect due to different conformations in vacuum (see Table I).
For the glutamate ion, instead as shown in Fig. 4, such a sol-
vent effect is much more important due to the charged state
of the solute. In the range of  between 4 and 78.39, there
are however no crossing points between the curves relative
to zwitterionic and non-zwitterionic forms, the zwitterion be-
ing always the most stable. This is consistent with the fact
that the change from the non-zwitterionic to the zwitterionic
form is a proton transfer which is favoured by the solvent
polarization.
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IV. SOLVATION OF THE GLUTAMIC ACID
AND THE GLUTAMATE ANION: QMC STUDY
We investigate here the effects of PCM solvation at the
QMC level for the extremes of the dielectric constant range
considered in the DFT case. In order to perform a QMC calcu-
lation of polarization free energy contribution to solvation, we
employ the method we have previously developed,24 which
solves accurately the Poisson’s equation coupled to the solute
quantum mechanical equation. The method considers explic-
itly the volume polarization of the solvent in a way which has
been specifically designed for QMC techniques, and is based
on the minimization of the following functional
F [] = 〈|Helec|〉 +
∑
α<β
ZαZβ
|Rα − Rβ |
+1
2
∫ [∑
α
Zαδ(r − Rα) + ρe(r)
]
surf,vol∑
k
qk
|r − rk|dr,
(5)
where Helec and  are the electronic Hamiltonian and the
wave function of the solute while Zα and Rα are the charges
and positions of the nuclei. The solvent response contribution
is given by the last term which includes the polarization on the
surface of the solute cavity and in the solvent domain (volume
polarization). The charges, qk, represent the point charges of
a discretized representation of such polarization charge distri-
butions. Finally, ρe is the solute electronic charge density.
The functional F must be minimized with the simultane-
ous solution of the Poisson’s equation
divE = 4πρ(tot), (6)
where E is the electric field and ρ(tot) is the total charge den-
sity, namely, the sum of the solute and the solvent polarization
charge densities. At self-consistency, the electrostatic contri-
bution to the free energy of solvation is given by
Gel = Gpol + Giec, (7)
where Gpol, the polarization free energy, is
Gpol = 12
∫ [∑
α
Zαδ(r − Rα) + ρe(r)
]
surf,vol∑
k
qk
|r − rk|dr,
(8)
and Giec is the so-called solute internal energy change,
namely,
Giec = 〈|Helec|〉 − 〈0|Helec|0〉 , (9)
and 0 is the solute wave function in vacuo. The polariza-
tion free energy is the sum of the contributions from surface
and volume charges as shown in Eq. (8). Further details on
the method can be found in our paper.24 Here, we further de-
velop the algorithm for the treatment of medium- to large-size
solutes as explained in the Appendix.
We perform the DMC calculations with a trial wave func-
tion optimized at the VMC level simultaneously with the so-
lution of the Poisson equation (Eq. (6)). The form of the wave
function is of the same type used in the calculation of PA in
vacuo (see Sec. II). In Tables VI and VII, we collect the DMC
results for the glutamic acid in both the zwitterionic and non-
zwitterionic forms and for the zwitterionic glutamate anion.
We do not consider the non-zwitterionic glutamate since it is
always higher in energy in the two dielectrics as shown in
Fig. 4. We report the fraction of the solute electrons outside
the cavity, the value of the functional F, the surface and vol-
ume contributions to the polarization free energy, and the to-
tal polarization free energy. As in the DFT calculations, we
employ two cavities with isodensity values 0.0004 a.u. and
0.001 a.u. For comparison, we also list the total polarization
free energy computed within IEF-PCM/DFT.
The escaped charge (i.e., the fraction of solute electrons
outside the cavity) is similar for all the species with cavities
with the same isodensity value, and is related to the volume
contribution to the polarization free energy. In agreement with
the conclusions drawn in our previous work,24 the volume po-
larization term is very important for the anion while is small
for the neutral glutamic acid. The zwitterionic glutamic acid
behaves in this respect as a purely neutral solute. For neutral
TABLE VI. Calculated polarization (total in a.u. and partial in kJ/mol) and electrostatic free energies for IIsA
conformer of glutamic acid and glutamate52 at the DMC level for different values of the dielectric constant. The
zwitterionic and non-zwitterionic forms are considered for the glutamic acid while the glutamate anion is in the
zwitterionic form. The results are compared with IEF-PCM values computed within DFT-B3LYP. Solute cavity
radii are based on an isodensity surface of approximatively 4 × 10−4 a.u. computed at DFT-B3LYP level with
the same basis set of DMC calculations. Charges are in a.u.
 qout F Gsurf Gvol Gpol GDFTpol
IIsA
4 0.127 − 108.0414(6) − 23.84(3) 0.0(1) − 23.83(1) − 29.29
78.39 0.119 − 108.0454(6) − 35.92(4) 0.188(2) − 35.74(4) − 47.53
IIsA zwitterionic
4 0.138 − 108.0350(3) − 56.79(3) 0.1200(7) − 56.67(3) − 68.87
78.39 0.138 − 108.0452(3) − 89.96(4) 0.0670(8) − 89.90(4) − 119.87
IIsA− zwitterionic
4 0.154 − 107.5585(3) − 157.41(2) − 19.2298(8) − 176.64(2) − 188.03
78.39 0.152 − 107.5832(4) − 222.08(5) − 25.427(1) − 247.50(5) − 280.08
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TABLE VII. Calculated polarization (total in a.u. and partial in kJ/mol) and electrostatic free energies for IIsA
conformer of glutamic acid and glutamate52 at the DMC level for different values of the dielectric constant. The
zwitterionic and non-zwitterionic forms are considered for the glutamic acid while the glutamate anion is in the
zwitterionic form. The results are compared with IEF-PCM results computed with DFT-B3LYP. Solute cavity
radii are based on an isodensity surface of approximatively 10−3 a.u. computed at DFT-B3LYP level with the
same basis set of DMC calculations. Charges are in a.u.
 qout F Gsurf Gvol Gpol GDFTpol
IIsA
4 0.308 − 108.0457(3) − 36.87(2) 0.634(2) − 36.23(2) − 45.69
78.39 0.309 − 108.0526(3) − 56.07(3) 0.998(3) − 55.08(4) − 74.81
IIsA zwitterionic
4 0.315 − 108.0430(3) − 76.24(4) 0.653(2) − 75.60(3) − 95.86
78.39 0.315 − 108.0589(3) − 128.89(5) 0.428(2) − 128.46(5) − 168.03
IIsA− zwitterionic
4 0.345 − 107.5669(4) − 153.54(4) − 46.017(3) − 199.56(4) − 215.73
78.39 0.345 − 107.5987(5) − 231.2(4) − 60.2(2) − 291.2(5) − 329.78
solutes, the volume polarization term is positive and in mod-
ule less than 8% of the surface contribution in both cavities
and for both dielectrics. For the anion, it is instead always neg-
ative and ranges from 12% in the larger cavity, to 30% in the
smaller cavity. In agreement with DFT, the calculated DMC
polarization free energy grows in modulus in going from the
non-zwitterionic to the zwitterionic glutamic acid, and then to
the anion. The same behavior is observed in going from  = 4
to  = 78.39, and from the cavity with the smaller isodensity
parameter to the higher value. As we have also observed in
our previous work on different solutes,24 the DMC Gpol is
always smaller in modulus than the corresponding DFT value.
This could be related to the use of an explicitly correlated
wavefunction in the PCM as electron correlation may play an
important role, and to the fact that the internal energy change
of Eq. (9), which is always positive, could determine a friction
to the polarization.
We further analyze the results of Tables VI and VII in
order to extract information about the process of transfer of
glutamic acid from a lipidic phase to a water solution. In
Sec. III, we have shown that the non-zwitterionic form is more
stable in the dielectric with  = 4 while the zwitterionic one is
more stable in water solution. To compare the relative stabil-
ity of the zwitterionic and non-zwitterionic forms in all cases
studied in this work, we show a schematic plot of the dif-
ference between the values of the functional F[] (Eq. (5))
for the zwitterionic and the non-zwitterionic glutamic acid in
Fig. 5. A positive value for this difference means that, at the
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FIG. 5. Schematic plot of the relative stability in DFT and DMC of the zwitterionic glutamic acid with respect to the non-zwitterionic form in the transfer from
a phase with dielectric constant 4 to an aqueous solution. The numbers in parentheses refer to the values of electron density in a.u. that defines the isodensity
surface of the solute cavity.
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given , the non-zwitterionic form is more stable while a neg-
ative value corresponds to the zwitterionic structure being
more stable. The DMC profiles are always higher than the
DFT ones computed with the same cavity as discussed above.
From the schematic plot of Fig. 5, we note that both DFT
and DMC predict the higher stability of the non-zwitterionic
glutamic acid at  = 4. At the dielectric constant of wa-
ter, DFT predicts that the zwitterionic form is favored by
–21.0 kJ/mol and –6.3 kJ/mol in the smaller and the larger
cavity, respectively. DMC is in agreement with this find-
ing only for the smaller cavity where the relative stability
of the zwitterionic form with respect to the non-zwitterionic
one is of –16.5 kJ/mol. For the larger cavity, DMC yields
a difference in the free energies of the two forms of only
2 kJ/mol with a statistical error on F[] of 1.5 kJ/mol. We
recall that the larger cavity has been suggested for the stan-
dard PCM37–39 while the smaller seems to be more appro-
priate when volume polarization is explicitly considered.40, 41
Our PCM results are in qualitative agreement with calcu-
lations based on cluster models (explicit solvation). Day
and Pachter42 showed that, in order to have the zwitte-
rion form more stable than the neutral glutamic acid S1,
it is necessary to consider at least 10 water molecules in
the cluster. Under these conditions, they found an elec-
tronic contribution to the reaction enthalpy of –14.6 kJ/mol,
which is of the same order of magnitude of our F in
water.
V. SUMMARY AND CONCLUSIONS
In this work, we have employed density functional theory
(DFT) and quantum Monte Carlo (QMC) techniques to inves-
tigate the PA of the glutamic acid in the gas phase as well as
the transfer of glutamic acid and glutamate ions from an aque-
ous medium to a medium with a dielectric constant simulating
a biological membrane.
In the gas phase, we determined the PA value as the
difference between the average enthalpies relative to the
neutral and the protonated glutamic acid species. We em-
ployed a large set of conformers optimized at the B3LYP/6-
311++G(d,p) level starting from the structures of Bouchoux
et al.12 and Meng and Lin.25 Our DMC value of PA is in excel-
lent agreement with G3MP2B3 (Refs. 12 and 25) and with the
most accurate experimental estimates obtained from the “ex-
tended” kinetic method.12 This result is sufficient to validate
our QMC setup for glutamic acid and derivatives. By using
the same approach, it is possible to study also the gas phase
deprotonation, as done by Meng and Lin25 by means of stan-
dard quantum chemistry methods. They found again a compa-
rable agreement with corresponding experimental data.43–45
We did not pursue in this direction because we were more
interested to the problem of solvation of glutamic acid and
glutamate ion.
Having established that QMC is an accurate approach
to describe the glutamic acid forms in the ground state, we
proceeded with calculations of glutamic acid and glutamate
ion in different solvents, where the solvent was treated as
a continuum medium, characterized by its dielectric con-
stant at the absolute temperature of 298 K. Because a com-
plete study of solvation of an aminoacid presents many
difficulties related to the occurrence of a variety of conform-
ers, we limited our investigation to a selected conformer (the
IIsA-like) for both the neutral glutamic acid and the gluta-
mate ion. This structure is one of the most important for the
proton transfer from the non-zwitterionic to the zwitterionic
form.
At the DFT level within IEF-PCM, we find that glu-
tamic acid in its zwitterionic form is more stable than the
non-zwitterionic species for  greater than 12.5 and for a cav-
ity surface with an electronic isodensity value of 0.0004 a.u.
This surface is considered as more appropriate for polarizable
continuum models based on surface polarization.37–39 If the
electronic isodensity value is increased to 0.001 a.u. (i.e., for
a reduction of cavity radii), this crossing point is shifted to
 ≈ 5. The smaller cavity is instead considered more ap-
propriate for the more accurate polarizable continuum mod-
els that include volume polarization.40, 41 For the glutamate
ion, the zwitterionic form is the most stable form in the
whole range of dielectric constant values considered, inde-
pendently from the size of the cavity. Although our study
in solution is limited to one conformation, these conclu-
sions should be more general because (1) the selected con-
former structure is one of the more stable in solution and
(2) the dielectric polarization effect is at least one order of
magnitude more important than that due to torsion angle
variation.
Solvation at the QMC level was investigated for the
extremes of the dielectric constant range considered in the
DFT case, with our fully polarized continuum model specif-
ically developed within QMC techniques for the treatment
of volume polarization.24 Improvements to the method pro-
posed in our previous work were introduced to increase ac-
curacy and efficiency for solutes of medium and large size
(see Appendix). As we have already observed in our previ-
ous work on different solutes,24 the DMC Gpol is always
smaller in modulus than the corresponding DFT value, with
very significant discrepancies for anions. This is possibly due
to the use of an explicitly correlated wavefunction in the
DMC-PCM as electron correlation plays an important role,
and to the fact that the internal energy change of Eq. (9),
which is always positive, could determine a friction to the
polarization.
Regarding the process of transfer from a lipidic phase to
an aqueous solution, we note that both DFT and DMC pre-
dict the higher stability of the non-zwitterionic glutamic acid
at  = 4. At the dielectric constant of water, DFT predicts
the change of the form for both the two cavities while DMC
is in agreement with this finding only for the smaller cav-
ity. The relative stability of the zwitterionic form with respect
to the non zwitterionic one in water is –16.5 kJ/mol for the
smaller cavity with DMC and is ranging from –21.0 kJ/mol to
–6.3 kJ/mol in going from the smaller to the larger cavity with
DFT.
Finally, in this work we have shown that QMC is a valid
alternative to standard methods to study molecules of biolog-
ical interest such as aminoacids. QMC methods are a large
class of techniques to stochastically solve the Schrodinger
equation.46 The growing interest in the use of QMC in the
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calculation of molecular electronic structure is reflected by a
large number of studies done in the last ten years.47 In par-
ticular, software development is an ongoing process and in-
teresting results are recently obtained in improving the scal-
ing of standard QMC calculations based on multideterminant
Slater-Jastrow wave functions.48, 49 QMC is particularly de-
signed for parallel computers. By way of example, for a sin-
gle DMC energy calculation, such as those presented in this
work, the real time requested is about 18 hours on a 32-core
machine. Clearly, advances in technology is a further factor
of possible strong improvement for the development of QMC.
However, there are still open problems in using QMC in the-
oretical chemistry studies. One of them is the optimization of
geometry in complex systems. In such cases, as done in this
work, the combination of standard quantum chemistry tech-
niques with QMC is a good route to achieve well-founded
results.
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APPENDIX: SOME REFINEMENTS ON THE QMC
MODEL OF SOLVATION
In our model of solvation,24 the surface charge density
related to the polarization of the solvent is discretized with-
out dividing the surface of the cavity in small elements with a
well defined shape. We resort instead to a homogeneous dis-
tribution of surface point charges which enter the surface inte-
gral needed to compute the electric field of the solvent on the
cavity surface. Each of these point charges is weighted in the
relevant quadrature formula24, 50 by a factor 1/2Anj (j ) where
Anj (j ) =
Rj
2n
sphere(j )∑
k =j
1
|rk − rj | , (A1)
and the sum is restricted to the points generated on the sphere
where the charge j lies, and also includes those points which
will be discarded in forming the solute cavity surface. In the
case of n optimally spaced point charges smeared over the
surface of a sphere, 2An is constant and known as a series in
n (Thomson problem51). When n goes to infinity, An tends to
1/2. Our quadrature is very similar to the correction for cur-
vature of standard PCM based on surface elements of well
defined shape. The aforementioned surface integral is used
to compute the component of the electric field orthogonal to
the cavity surface. In this work, we have distinguished the
contribution of surface point charges to this integral. More
precisely, if the charges lie on the same sphere where we
are computing the electric field, the charges carry a weight
1/2Anj (j ) whereas, for the others, we fix this weight to 1.
The reason is that the above correction is meaningless out-
side the sphere. Moreover, the field of a small portion of a
surface-charge distribution tends to the field of a point charge
at large distances. This modification is mandatory for systems
of the size of glutamic acid or larger molecules. In this work,
we used a surface number density of point charges equal to
2.75 a−20 . As an example, we show in Fig. 6 the polariza-
tion surface-charge density for glutamate zwitterion in aque-
ous solution resulted from the present DMC PCM calcula-
tion for the smaller cavity. For completeness, we show also
(Fig. 7) the distribution of the volume polarization point
charges for the same case in Fig. 6.
-0.006 -0.004 -0.002  0  0.002  0.004  0.006
FIG. 6. Plot of the polarization surface charge density for the glutamate zwitterion in aqueous solution obtained from our QMC-PCM calculation with cavity
surface at the isodensity value of 0.001 a.u.
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FIG. 7. View of the point volume charges due to the dielectric polarization outside the solute cavity for the glutamate zwitterion in aqueous solution obtained
from our QMC-PCM calculation with cavity surface at the isodensity value of 0.001 a.u. The total number of point charges is 20 570 and each charge has a
value of 0.0000165 a.u.
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